
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
3 

43
5 

19
2

A
1

TEPZZ¥4¥5_9 A_T
(11) EP 3 435 192 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
30.01.2019 Bulletin 2019/05

(21) Application number: 17306018.7

(22) Date of filing: 28.07.2017

(51) Int Cl.:
G05F 1/56 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME
Designated Validation States: 
MA MD

(71) Applicant: NXP USA, Inc.
Austin TX 78735 (US)

(72) Inventors:  
• ENJALBERT, Jerome Romain

31023 Toulouse cedex 1 (FR)

• MALEYRAN, Marianne
31023 Toulouse cedex 1 (FR)

• LANCE, Philippe Bernard Roland
31023 Toulouse cedex 1 (FR)

• OUADDAH, Jalal
31023 Toulouse cedex 01 (FR)

(74) Representative: Pomper, Till
NXP Semiconductors 
Intellectual Property Group 
134 avenue Eisenhower 
BP 72329
31023 Toulouse Cedex 1 (FR)

(54) ULTRA LOW POWER LINEAR VOLTAGE REGULATOR

(57) A method for voltage regulation includes reduc-
ing a power consumption of a voltage regulator (30) dur-
ing an IDLE phase, by disabling a feedback loop (14)
configured to regulate an internal voltage (52) to a mul-
tiple of a reference voltage (38) in response to the voltage
regulator (30) receiving a digital signal (42) from a digital
circuit (20). The internal voltage (52) is proportional to an

external voltage (104) supplied to the digital circuit (20).
A regulated accuracy of the external voltage (104) is in-
creased during a MEASUREMENT phase by enabling
the feedback loop (14) in response to the voltage regu-
lator (30) receiving the digital signal (42) from the digital
circuit (20).
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Description

FIELD

[0001] This disclosure relates generally to linear volt-
age regulation, and more specifically to voltage regula-
tion requiring ultra low quiescent power consumption.

BACKGROUND

[0002] Consumer sensing applications are often re-
quired to perform highly accurate measurements for a
relatively short period of time relative to the total time the
sensor is activated. High accuracy measurements are
often achieved with analog circuitry having large bias cur-
rents that will dominate quiescent current consumption
between MEASUREMENT phases. Consumer sensors
with digital outputs offer a programmable data rate to
provide the best trade-off between performance, (e.g.
noise in particular) and current consumption.
[0003] A common use case includes configuring an ac-
celerometer to operate at a low data rate to monitor mo-
tion in the application, with very low power consumption.
When motion is detected, the microcontroller changes
the configuration of the sensor to operate at a higher data
rate to get a series of high accuracy, low noise measure-
ments of the acceleration.
[0004] To offer a wide range of Output Data Rates
(ODRs), consumer accelerometers employ pulsed oper-
ation. For example, low-noise signal acquisition and con-
version is performed during a MEASUREMENT phase
with relatively high current consumption (IDD). The
MEASUREMENT phase has a fixed duration and repeats
at a frequency equal to the ODR. Between two consec-
utive MEASUREMENT phases is an IDLE phase with
the duration dependent on the ODR. The current con-
sumption during the IDLE phase is reduced to the mini-
mum to operate as a voltage regulator to supply power
to the digital block of the accelerometer and to keep a
user-programmed register content and a low-frequency
oscillator operational to control the length of this IDLE
phase.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present invention is illustrated by way of
example and is not limited by the accompanying figures,
in which like references indicate similar elements. Ele-
ments in the figures are illustrated for simplicity and clarity
and have not necessarily been drawn to scale.

FIG. 1 is a functional block diagram of a system for
ultra low power linear voltage regulation in accord-
ance with an embodiment of the present disclosure.

FIG. 2 is a schematic view of an embodiment of an
ultra low power linear voltage regulator included in
FIG. 1

FIG. 3 is a schematic view of an embodiment of a
Power On Reset (POR) circuit, and digital circuit in-
cluded in FIG. 1.

FIG. 4 is a flowchart representation of a method for
a START-UP phase of an ultra low power linear volt-
age regulator.

FIG. 5 is a flowchart representation of a method for
an IDLE phase of an ultra low power linear voltage
regulator.

FIG. 6 is a flowchart representation of a method for
a MEASURMENT phase of an ultra low power linear
voltage regulator.

FIG. 7 is a graphical view of a timing diagram for an
embodiment of an ultra low power linear voltage reg-
ulator.

DETAILED DESCRIPTION

[0006] Embodiments of systems and methods de-
scribed herein provide for ultra low power voltage regu-
lation by deactivating direct current (DC) paths and an-
alog circuitry of a linear voltage regulator during an IDLE
phase. The IDLE phase is defined as the time between
MEASUREMENT phases, wherein higher current con-
sumption is necessitated for improved measurement re-
sults. In one example, during the MEASUREMENT
phase, current consumption increases relative to the
IDLE phase by activating resistive strings and current
biased amplifiers. In this example, during the IDLE phase
a digital circuit is kept active to retain user-programmed
content and a low-frequency oscillator controls the dura-
tion of the IDLE phase. The embodiments are further
extended to ensure low voltage dropout operation with
active pull-up devices.
[0007] Paradoxically, the linear voltage regulator, in-
cluding the power consuming DC paths and amplifiers,
supplies power to the digital circuitry, and the digital cir-
cuitry provides control signals to the linear voltage reg-
ulator to assist with the transition between the IDLE and
MEASUREMENT phases through preservation of states
and an efficient Power On Reset (POR). By allowing for
interdependency between the linear voltage regulator
and the digital circuitry and providing innovative solutions
to starting-up the system of digital and analog circuitry
and transitioning between the IDLE and MEASURE-
MENT phases, exceptionally low quiescent power and
total power consumption is realized.
[0008] At very low Output Data Rates (ODRs), for ex-
ample as used for basic motion detection (e.g., 1Hz) in
a sensor system, the contribution of the MEASURE-
MENT phase to the total average current consumption
(IDD) becomes negligible due to the low duty cycle, (de-
fined as the MEASUREMENT phase divided by the total
cycle time of MEASUREMENT plus IDLE phases). The
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ODR (and hence the duty cycle) is also limited by the
rate of variation of the supply voltage during the IDLE
phase. For example, VDD cannot be allowed to vary ex-
cessively during the IDLE phase, when an external volt-
age used by the digital circuits is unregulated and when
the external voltage is clamped to VDD by pull-up circuits.
As used herein, the term "external voltage" refers to a
voltage that is outside of a regulated feedback loop of
the power converter, but not necessarily outside of an
Integrated Circuit (IC) that includes the power converter.
The external voltage is derived from a regulated "internal
voltage" by use of a common gate voltage as further de-
scribed below. In one embodiment, a variation of VDD
was found to be less than +/- 200mV in 25ms, hence a
duty cycle of 1/100 was practical. In example embodi-
ments with low ODRs, test results have shown a reduc-
tion in total average current consumption from 1uA down
to 10nA - a reduction of 100X compared to previous prod-
ucts. Similar results are envisioned for other product ap-
plications targeting ultra low power, including without lim-
itation Internet of Things (IoT) and sensor based appli-
cations.
[0009] FIG. 1 shows the functional blocks of an em-
bodiment of a system 10 including an ultra low power
linear voltage regulator ("voltage regulator") and a digital
circuit. The voltage regulator includes a bandgap refer-
ence 12, a feedback loop 14, an external voltage circuit
16 and a pull-up circuit 18. The bandgap reference 12
provides a temperature stabilized reference voltage to
the feedback loop 14. The feedback loop 14 regulates
an internal voltage to a multiple of the reference voltage
by using an amplifier configured with negative feedback.
The external voltage circuit 16 creates an external volt-
age to "mirror" or be substantially equal to the internal
voltage. The pull-up circuit 18 ensures that the internal
voltage and the external voltage will each be clamped to
the supply voltage (VDD), when VDD drops to a level
marginally above the reference voltage such that effec-
tive voltage regulation is no longer possible. In one ex-
ample a difference between VDD and the reference volt-
age must exceed a gate-to-source voltage drop (Vgs) of
an N-channel Field Effect Transistor (FET) or NFET for
the feedback loop 14 to function properly.
[0010] The system 10 further includes a power on reset
(POR) circuit 22 and a digital circuit 20. The POR circuit
includes an imprecise POR that forces a reset of the dig-
ital circuit 20 when VDD is first applied and thereby also
forces active-low enable signals from the digital circuit
20 to activate the bandgap reference 12, which in turn
activates the feedback loop 14 to generate a stable in-
ternal voltage. A stable bandgap condition also activates
a more precise POR, which keeps the digital circuit 20
in the reset state until the internal voltage is stable.
[0011] Turning to FIG. 2 with on-going reference to
FIG. 1, the voltage regulator is now described in further
detail. In FIG. 2 and FIG.3, various embodiments of the
circuits that are supplied by VDD 32 and/or an external
voltage 104 are referenced to VSS 34, however the con-

nections to VSS 34 are not shown for clarity of exposition.
An embodiment of a voltage regulator 30 includes a band-
gap reference 12, a feedback loop 14, an external voltage
circuit 16 and a pull-up circuit 18. The pull-up circuit 18
controls PFETs 100 and 106 in the feed-back loop 14
and external voltage circuit 16 respectively. The bandgap
reference 12 receives power from the supply voltage
(VDD) 32, which is further referenced to ground (VSS)
34. In one embodiment, the ground 34 is at zero volts,
although in other embodiments other DC voltage refer-
ences are used for ground 34. In one embodiment, the
bandgap reference 12 includes a bandgap with a Current
Proportional To Absolute Temperature (IPTAT) circuit
36. The bandgap with IPTAT circuit 36 (generally the
bandgap reference 12) is enabled with an active-low
ENB_VDD signal 42 to produce a reference voltage
(VBG) 38. When the reference voltage is stable, the
bandgap reference 12 activates a bandgap status signal
(BG_OK) 40.
[0012] The feedback loop 14 includes an amplifier 44
powered by VDD 32. The amplifier 44 is enabled by the
BG_OK 40 and compares the reference voltage 38 to a
feedback signal 46 to produce a control voltage 48. In
one embodiment, the amplifier 44 is an Operational
Transconductance Amplifier (OTA). The control voltage
48 drives the gate of an internal voltage NFET 50 to gen-
erate an internal voltage 52. The NFET 50 is arranged
as a source follower to generate the internal voltage 52
at the source of the NFET 50. The NFET 50 is connected
in series with a resistor string, (e.g., resistive divider),
formed by resistors 54, 56, 58 and 60, and ground 34.
The resistor string provides a high tap 62 connected be-
tween resistors 56 and 58. The resistor string provides
a low tap 64 connected between resistors 58 and 60. The
high tap 62 and the low tap 64 are connected to the feed-
back signal 46 by a P-channel FET (PFET) switch 66
controlled by signal 68 and by a PFET switch 70 control-
led by a pull-up signal 72 respectively. Inverting the pull-
up signal 72 with an inverter 74 generates the signal 68.
The high tap 62 and low tap 64 are designed to provide
hysteresis to the amplifier 44 controlled by the pull-up
signal 72. In another embodiment, the switches 66 and
70 are NFET switches, the pull-up signal 72 controls the
switch 66 and the inverted signal 68 controls the switch
70.
[0013] The pull-up circuit 18 includes a pull-up compa-
rator 80, powered by VDD 32, enabled by the BG_OK
40, and configured to compare VDD 32 with an offset
control voltage 84. Adding an offset voltage 82 to the
control voltage 48 generates the offset control voltage
84. In one non-limiting embodiment, the offset voltage
82 is a charged capacitive element (e.g., a battery or
capacitor charged with switches). In one example, the
offset voltage 82 is a few dozen mV. The pull-up signal
72 transitions low (e.g. active) when VDD 32 decreases
to within an offset voltage (or less) of the control voltage
48. The control voltage 48 is equal to the internal voltage
52 plus the Vgs drop of the internal voltage NFET 50.
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When the pull-up signal 72 transitions low, the PFET
switch 70 connects the low tap 64 to the feedback signal
46, thereby increasing the control voltage 48 to ensure
a clean transition of the pull-up signal 72 without oscilla-
tions. Conversely, when the pull-up signal 72 transitions
high, the PFET switch 66 connects the high tap 62 to the
feedback signal 46 to lower the control voltage 48.
[0014] The bandgap reference 12 is disabled with the
ENB_VDD 42 signal, which disables the BG_OK signal
40. The BG_OK signal subsequently disables the ampli-
fier 44, the pull-up comparator 80 and the switch 86. The
switch 86 disables the DC path flowing from VDD 32,
through the internal voltage NFET 50, through the resis-
tors 54, 56, 58, 60, and to the ground 34.
[0015] The pull-up circuit further includes a pull-up
latch 88 powered by VDD 32. The pull-up latch 88 gen-
erates a latched pull-up signal 90 from the pull-up signal
72 in response to the active-low ENB_SW_VDD signal
92. Specifically, the pull-latch 88 allows the pull-up signal
72 to flow through the latch when the ENB_SW_VDD
signal 92 is low ("0"), and latches the pull-up signal 72
when signal 92 is high ("1"). When the pull-up signal 72
is active due to an insufficient voltage (e.g., headroom)
between VDD 32 and the control voltage 48, the pull-up
signal 72 activates the internal voltage PFET 100, thus
clamping the internal voltage 52 to VDD 32.
[0016] The external voltage circuit 16 includes an ex-
ternal voltage NFET 102 connected between VDD 32
and a generated external voltage 104. Similar to the in-
ternal voltage NFET 50, the external voltage NFET 102
is configured as a source follower. An external voltage
PFET 106 is connected in parallel with the external volt-
age NFET 102 and is configured to clamp the external
voltage 104 to VDD 32 in response to the latched pull-
up signal 90 being active (e.g., low or "0"). The latched
pull-up signal 90 will activate the external voltage PFET
when low regardless of whether the pull-up latch is open
(e.g., in flow-through mode) or closed (e.g. latched). The
ENB_SW_VDD signal 92 also activates a switch 108 to
store the control voltage 48 on a storage capacitor 110
connected to ground 34. Specifically, when the
ENB_SW_VDD signal 92 is low ("0"), the control voltage
48 is connected directly to the gate of the external voltage
NFET 102. When the ENB_SW_VDD signal 92 is high
("1"), the switch 108 is opened and the gate voltage for
the external voltage NFET 102 is held on the storage
capacitor 110.
[0017] In various embodiments, the system 10 of FIG.
1 is implemented in an MOS technology including without
limitation, CMOS, DMOS or BICMOS. Regardless of the
chosen technology, it is important for the external voltage
NFET to be implemented in an MOS technology to reduce
leakage on the storage capacitor 110. The voltage reg-
ulator 30 is very stable because the feedback loop 14,
which generates the internal voltage 52 has a relatively
small and constant capacitive load. In various embodi-
ments, the current densities of the internal voltage NFET
50 and the external voltage NFET 102 are matched to

ensure good matching between the internal voltage 52
and the external voltage 104. In embodiments where the
current densities have a small amount of mismatch, dif-
ferences between the internal voltage 52 and the external
voltage 104 are small because the internal voltage NFET
50 and the external voltage NFET 102 operate in weak
inversion. It should be noted that the external voltage
circuit 16 is external to the feedback loop 14, but may or
may not be external to the Integrated Circuit (IC) that
contains the feedback loop 14. Furthermore, certain em-
bodiments include more than one external voltage circuit
16 with either a corresponding pull-up circuit 18 or a
shared connection to the latched pull-up signal 90. In
various embodiments, the feedback loop 14 also includes
a scaled internal voltage 112 as shown in FIG. 2 between
resistors 54 and 56. It should be understood that the em-
bodiment of FIG. 2 is not limited to the four resistors 54,
56, 58 and 60, as different numbers of resistors are re-
alizable to implement the hysteresis for the amplifier 44
and to provide for the scaled voltage 112.
[0018] FIG. 3, with continued reference to FIG. 1 and
FIG. 2, describes an embodiment 120 of a POR circuit
22 and a digital circuit 20. The POR 22 includes a POR
comparator 122, powered by VDD 32 and enabled by
BG_OK 40. The POR comparator 122 is configured to
compare the scaled voltage 112 with the reference volt-
age 38 to generate an internal POR (POR INT) signal
124. The ratio of the scaled voltage 112 to the internal
voltage 52 is designed to ensure that POR_INT is acti-
vated in the presence of manufacturing and environmen-
tal (e.g., voltage and temperature) variations. For exam-
ple, due to standard manufacturing and environmental
variations, the regulated internal voltage 52, which is reg-
ulated to a multiple of the reference voltage 38, may vary.
[0019] The POR_INT 124 is latched by a POR latch
126 to generate a latched POR_INT 128, in response to
the ENB_SW_VDD signal 92 transitioning high ("1").
Similarly, the latched POR_INT 128 tracks the POR_INT
signal 124 when the latch 126 is open, in response to the
ENB_SW_VDD signal 92 transitioning low ("0"). The
POR latch 126 is powered by VDD 32. The POR circuit
22 further includes an imprecise POR 130 powered by
VDD 32. The imprecise POR 130 generates an external
POR (POR_EXT) signal 132 proportional to a value of
VDD 32 while VDD 32 is ramped up to a start-up thresh-
old. The start-up threshold is sufficient to ensure that the
bandgap reference 12 starts up and has a stable BG_OK
40 with the available VDD 32 voltage. The latched POR-
INT 128 and the POR_EXT signal 132 are combined with
a Boolean OR gate 134 to generate a POR signal 136.
The OR gate 134 is powered by VDD 32.
[0020] An embodiment of the digital circuit 20 includes
a controller 140, powered by the external voltage 104
from the voltage regulator, and is configured to generate
timing signals to control the voltage regulator. It should
be understood that in various embodiments, the digital
circuit 20 contains more than just the circuitry required
to control the voltage regulator. For example, the digital
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circuit may contain logic functions such as a Serial Port
Interface (SPI), I2C communication functions, state ma-
chines, and various algorithmic circuits. In some embod-
iments, the digital circuit includes 10,000 or more logic
gates or up to multiple millions of gates. Specifically, the
controller 140 generates at least an active-enable signal
(ENB) 142 and an active-low enable switch signal
(ENB_SW) 144, both of which transition between a
ground 34 voltage and the external voltage 104. The con-
troller 140 is connected to the POR 136 signal for reset-
ting the controller 140. In one embodiment, the digital
circuit also includes an ENB level shifter 146, and an
ENB_SW level shifter 148. In another embodiment, the
ENB level shifter 146 and the ENB_SW level shifter 148
are separate circuits from the digital circuit 20 with similar
connections as shown in FIG. 3.
[0021] The ENB level shifter 146 is powered by both
the external voltage 104 and VDD 32 and is reset with
the POR signal 136. The ENB level shifter 146 shifts the
ENB signal 142 to generate the ENB_VDD signal 42,
which transitions between a ground 34 voltage and VDD
32. The ENB_SW level shifter 148 is powered by both
the external voltage 104 and VDD 32 and is reset with
the POR signal 136. The ENB_SW level shifter 148 shifts
the ENB_SW signal 144 to generate the ENB_SW_VDD
signal 92, which transitions between ground 34 voltage
and VDD 32.
[0022] The external (e.g. imprecise) POR signal 132
is generated from VDD 32 and hence ensures that the
enable signal ENB_VDD 42 for the bandgap reference
12 of the voltage regulator is correctly asserted on start-
up, when input voltage VDD ramps from ground potential
(e.g., 0 Volts) and the external voltage 104 is also at
ground potential. The level-shifters are configured to out-
put a logic LOW value when the POR input 136 is HIGH.
When VDD 32 is ramping but still too low for the analog
blocks and/or the latches to operate correctly, the exter-
nal POR 132 forces the POR input of the level-shifters
to be HIGH, which results in the control signals
ENB_VDD and ENB_SW_VDD being correctly asserted
LOW for a safe start-up of the analog blocks. The POR
circuit 22 also features a second Power-On-Reset signal
POR_INT 124 generated from a scaled internally regu-
lated voltage K*V_INT 112. This second POR needs to
be precise and accurate for the following reasons.
[0023] In various embodiments, the boot sequence of
the system 10 involves loading the contents of an em-
bedded memory (e.g., a One Time Programmable mem-
ory) into registers to be used by the digital circuit 20 (or
conversely, are part of the digital circuit). This boot se-
quence must be performed under a minimum value of
the external voltage 104 supply, which powers the digital
circuit 20 and also the embedded memory (not shown).
Accordingly, the POR 136 must hold the digital circuit 20
in the reset state until the minimum value of the external
voltage 104 is reached by the voltage regulator, to be
able to reliably read the contents of the embedded mem-
ory.

[0024] Conversely, the nominal value of the external
voltage 104 is just a bit lower than the minimum value of
VDD 32 (e.g., 100mV lower in one example). Conse-
quently, the detection window to generate POR_INT 124
is very narrow. On the one hand, if the POR 136 release
voltage is set too low, the memory contents may not be
read correctly. On the other hand, if the POR 136 release
voltage is set too high, it may never be released in the
case where VDD 32 is at its minimum value. To meet
such accuracy constraints, the POR comparator 122 de-
tects when the voltage at K*V_INT 112 crosses the ref-
erence voltage 38. Comparing a tap of the resistor divider
of the feedback loop to the bandgap reference produces
a precise POR threshold at minimum current consump-
tion.
[0025] During the IDLE phase, if an unexpected event
results in a significant drop in the VDD 32 level, (such as
a glitch or line brown-out), the internal POR 124 activates
to reset the system 10. This is needed because the
latched POR_INT signal 128 depends upon the state of
the latch 126, which will become indeterminate due to
the unknown state of the ENB_SW_VDD signal 92 when
there is an under-voltage event on VDD 32. In response
to the under-voltage event, the external POR 132 forces
the level shifters into a known state, which in turn resets
the bandgap reference 12, which activates and stabilizes
the feedback loop 14, and thereby generates the precise
POR_INT 124 signal.
[0026] The operation sequence for the START-UP,
MEASUREMENT and IDLE phases of the system 10 are
shown in FIG. 4 to FIG. 6. Referring to FIG. 4, with con-
tinued reference to FIG. 2 and FIG. 3, the START-UP
phase begins at 150 with VDD 32 at 0 Volts. At 152, the
VDD voltage 32 ramps up from 0V towards an intended
operating voltage. The POR_EXT is asserted
(POR_EXT=1), with a voltage proportional to VDD 32.
The POR_INT 124 signal remains indeterminate be-
cause the BG-OK signal 40 is indeterminate due to the
low value of VDD 32. When VDD 32 is high enough for
BG-OK 40 to be correctly asserted by the bandgap ref-
erence 12, the POR INT signal 124, (and hence the
latched POR_INT 128), will transition high. The POR sig-
nal 136 is active ("1") because the latched POR_INT 128
and POR_EXT132 are combined with the OR gate 134.
At 154, the POR signal 136 initializes (e.g. resets) the
ENB level shifter 146 to generate the active-low
ENB_VDD signal 42 at 0V, and the ENB_SW level shifter
148 to generate the active- low ENB_SW_VDD signal 92
at 0V.
[0027] At 156, the bandgap is started because the ac-
tive-low ENB_VDD signal 42 is applied to the bandgap
reference 12. At 156, the sample and hold is closed by
activating switch 108 with the ENB_SW_VDD signal 92,
thereby connecting the control voltage 48 directly to the
gate of the external voltage NFET 102. At 158 the internal
POR 124 is high ("1") because the POR comparator 122
is disabled (e.g., BG_OK is low). At 160, if the bandgap
reference 12 has not stabilized, as indicated by BG_OK
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40 being high ("1"), then the flow returns to 156. Other-
wise at 162, when BG_OK is high, the BG_OK signal 40
enables the amplifier 44 and the resistor string via the
switch 86. The POR comparator 122 and the pull-up com-
parator 80 are also enabled by the BG_OK signal 40. At
164, if the interval voltage 52, and thus the scaled internal
voltage K*V_INT 112, is stable and at the regulated volt-
age, then K*V_INT 112 will be at a higher voltage than
VBG 38 and the POR comparator 122 will transition low
(e.g., POR_INT =0). Otherwise the flow returns to 162.
At 166, the POR 136 will transition low ("0") and thus at
168 the digital circuit 20, including the controller 140, ENB
level shifter 146 and ENB_SW level shifter 148 will exit
the rest mode.
[0028] The POR_EXT132 remains asserted until it
reaches a predetermined "start-up threshold" designed
to be sufficient for a correct operation of the bandgap
reference 12. The POR remains asserted until the feed-
back loop 14 is stable because the POR_INT 124 acti-
vates before the POR_EXT 132 deactivates. Thus, the
POR signal 136 transitions from the imprecise
POR_EXT132 to the relatively precise POR_INT 124.
During startup, the active-low ENB_SW_VDD signal 92
is low, hence the latched POR_INT 128 is equivalent to
the POR_INT 124. After 168, the flow continues to 170
on FIG. 5.
[0029] Referring to FIG. 5, with continued reference to
FIG. 2, FIG. 3 and FIG. 4, the IDLE phase begins at 170.
At 172, the active-low ENB_SW_VDD signal 92 is deac-
tivated ("1"). Consequently at 174, the sample-and-hold
is opened, by opening the switch 108 with the
ENB_SW_VDD signal 92, and thereby stores the control
voltage 48 on the storage capacitor 110. The pull-up sig-
nal 72 is latched by the pull-up latch 88 to generate the
latched pull-up signal 90. The POR_INT signal 124 is
latched by the POR latch 126 to generate the latched
POR-INT signal 128. Consequently, the external voltage
104 continues to power the digital circuit 20 however with-
out a closed loop regulation. The last state of the pull-up
signal 72 is maintained and the latched POR_INT 128 is
held low ("0").
[0030] At 176, the ENB_VDD signal 42 is deactivated
("1"), which disables the bandgap reference 12 at 178.
Disabling the bandgap reference 12 results in the BG_OK
signal 40 transitioning low, or false ("0") at 180. At 182,
the POR_INT 124 switches high ("1") because the POR
comparator 122 is deactivated by the BG_OK signal 40
being low. The POR signal 136 remains low because the
POR latch 126 held the last state of the POR_INT signal
124 before deactivating the POR comparator 122. At 184,
the loopback amplifier 122, the POR comparator 122 and
the pull-up comparator 80 are disabled in response to
the BG_OK 40 being low. At 186, if the IDLE duration
has elapsed, then the flow proceeds to 190 on FIG. 6.
Otherwise, the flow returns to 184. The IDLE duration is
determined in part due to the leakage on the storage
capacitor 110 and gate of the external voltage NFET 102,
and the variation of VDD 32 during this unregulated pe-

riod.
[0031] Referring to FIG. 6, with continued reference to
FIG. 2, FIG. 3 and FIG. 5, the MEASUREMENT phase
begins at 190. At 192, the ENB_VDD signal 42 is acti-
vated ("0"), which enables the bandgap reference 12 at
194. At 196, if the bandgap is stable as indicated by
BG_OK 40 being high, then the flow proceeds to 198,
otherwise the flow returns to 194. At 198, the feedback
loop is enabled by enabling the amplifier 44, and the re-
sistor string via the switch 86. The POR comparator 122,
and the pull-up comparator 80 are also enabled by the
BG_OK signal 40. In another embodiment, a combination
of one or more of the amplifier 44, the resistor string via
the switch 86, the POR comparator 122, and the pull-up
comparator 80 are enabled at 198, and correspondingly
disabled at 184 of FIG. 5.
[0032] At 200, if the POR_INT signal 124 is low ("0")
as a result of the internal voltage 52 stabilizing (e.g.,
reaching a final regulated voltage similar to a multiple of
the reference voltage 38), and consequently the scaled
internal voltage 112 is stable, then the flow proceeds to
202, otherwise to 198. At 202, the active-low
ENB_SW_VDD signal 92 is activated ("0"). At 204, the
sample-and-hold is closed by closing the switch 108 and
thereby "refreshing" the gate voltage on the external volt-
age NFET 102 by connecting the gate of the NFET 102
directly to the control voltage 48. The POR latch 126 is
opened to allow the POR_INT 124 to flow through the
latch 126. Similarly, the pull-up latch 88 is opened to allow
the pull-up signal 72 to flow through the latch 88. At 206,
if the MEASUREMENT duration has elapsed, the flow
returns to 170 of FIG. 5 to enter the IDLE phase. Other-
wise the flow returns to 204.
[0033] FIG. 7 is a graphical view of the timing for the
START-UP, MEASUREMENT and IDLE phases as
shown in FIG. 4, FIG. 5 and FIG. 6 respectively. The
START-UP phase begins with VDD 32 at 0V and ramping
to a final value as shown at 220. The POR_EXT132
ramps in proportion to VDD 32 up to the start-up threshold
shown at 222. The POR 136 activates the active-low
ENB_VDD 42, which activates the bandgap reference
12. Once the bandgap reference 12 produces a stable
reference voltage 38, the BG_OK 40 is activated as
shown at 224. The activated BG_OK 40 enables the feed-
back loop 14, which ultimately produces a stable internal
voltage 52, shown at 226. This stable voltage at 226 de-
activates the internal POR 124. The analog state of the
external voltage NFET 102, the digital state of the pull-
up signal 72 and the digital state of the internal POR 124
are stored (by sampling and latching) by the
ENB_SW_VDD signal 92 shown at 228. Entering the
IDLE phase and powering down devices is accomplished
by deactivating the ENB_VDD 42 shown as 230.
[0034] During the IDLE phase the digital circuit 20 con-
tinues to be powered by the external voltage 104 in an
unregulated manner. As such, the V_EXT 104 slowly de-
grades over time as shown at 232. The MEASUREMENT
phase is entered by activating the active-low ENB_VDD
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42 as shown at 234. Similar to the START-UP phase,
the ENB_VDD 42 activates the bandgap reference 12 to
produce a stable reference voltage 38 as indicated by
BG_OK 40 shown at 236. The activated bandgap refer-
ence 12 activates the feedback loop 14 and ultimately
produces a stable internal voltage 52 shown at 238, which
then disables the POR_INT 124. Once the voltage reg-
ulator has stabilized between 234 and 240, the preserved
analog and digital states required to maintain the V_EXT
104 during the IDLE phase are refreshed, shown at 240.
Specifically, the gate of the external voltage NFET, the
POR states and the pull-up states are refreshed.
[0035] Advantageously, the teachings of the disclo-
sure provide for a linear voltage regulator with ultra low
power consumption. The interdependency between the
analog voltage regulator and the digital circuit is efficient-
ly managed, while enabling the deactivation of one or
more circuits and paths that consume the majority of the
quiescent current between MEASUREMENT phases.
Numerous applications will benefit from the ability to min-
imize power consumption without compromising meas-
urement accuracy, speed and other ensuing benefits.
[0036] As will be appreciated, embodiments as dis-
closed include at least the following. In one embodiment,
a method for voltage regulation comprises reducing a
power consumption of a voltage regulator during an IDLE
phase, by disabling a feedback loop configured to regu-
late an internal voltage to a multiple of a reference voltage
in response to the voltage regulator receiving a digital
signal from a digital circuit. The internal voltage is pro-
portional to an external voltage supplied to the digital
circuit. A regulated accuracy of the external voltage is
increased during a MEASUREMENT phase by enabling
the feedback loop in response to the voltage regulator
receiving the digital signal from the digital circuit.
[0037] Alternative embodiments of the method for volt-
age regulation include one of the following features, or
any combination thereof. The IDLE phase comprises
storing a gate voltage on a gate of a transistor, the tran-
sistor supplying the external voltage to the digital circuit,
the external voltage being less than a supply voltage,
latching a first state of a pull-up transistor, the pull-up
transistor changing the external voltage to the supply
voltage in response to a difference between the supply
voltage and the gate voltage being less than an offset
voltage, latching a second state of an internal Power On
Reset (POR) signal, the internal POR signal holding the
digital circuit in a reset state while the internal voltage is
less than the reference voltage, disabling a bandgap ref-
erence configured to provide the reference voltage, and
disabling the feed-back loop in response to disabling the
bandgap reference. A pull-up comparator and a POR
comparator are disabled in response to disabling the
bandgap reference, the pull-up comparator comparing
the supply voltage to the gate voltage increased by the
offset voltage, and the POR comparator comparing the
internal voltage to the reference voltage. The digital cir-
cuit is reset with an external POR in response to the sup-

ply voltage dropping below a start-up threshold. The dig-
ital circuit determines an IDLE duration of the IDLE phase
and a MEASUREMENT duration of the MEASURE-
MENT phase, the voltage regulator entering the MEAS-
UREMENT phase at the end of the IDLE duration, and
the voltage regulator entering the IDLE phase at the end
of the MEASUREMENT duration. The MEASUREMENT
phase comprises enabling a bandgap reference config-
ured to provide the reference voltage, stabilizing the feed-
back loop by ramping the internal voltage in response to
enabling the bandgap reference, and disabling an inter-
nal Power On Reset (POR) signal in response to the in-
ternal voltage exceeding the reference voltage, and re-
freshing a gate voltage of a transistor supplying the ex-
ternal voltage to the digital circuit, by connecting a gate
of the transistor to the feedback loop, after a time delay
following the disabling of the internal POR signal, the
time delay sufficient for the feedback loop to stabilize.
The MEASUREMENT phase further comprises updating
a first state of a pull-up transistor, the pull-up transistor
changing the external voltage to the supply voltage in
response to a difference between the supply voltage and
the gate voltage being less than an offset voltage, and
updating a second state of an internal Power On Reset
(POR) signal, the internal POR holding the digital circuit
in a reset state while the internal voltage is less than the
reference voltage. A START-UP phase before entering
the IDLE phase comprises ramping a supply voltage, ac-
tivating an external Power On Reset (POR) while the
supply voltage is less than a start-up threshold, the ex-
ternal POR holding the digital circuit in a reset state, ac-
tivating a bandgap reference in response to the digital
signal, wherein the digital signal is an active-low signal,
activating an internal Power On Reset (POR) signal in
response to the bandgap reference providing the refer-
ence voltage, the internal POR activating before deacti-
vating the external POR, the internal POR holding the
digital circuit in the reset state, and deactivating the in-
ternal POR in response to the internal voltage exceeding
the reference voltage. A shifted voltage of the digital sig-
nal is shifted from the external voltage to the supply volt-
age. The digital circuit operates at a low data rate during
the IDLE phase, and at a high data rate during the MEAS-
UREMENT phase.
[0038] In another embodiment, a voltage regulator
comprises a bandgap reference enabled by a first digital
signal connected thereto, the bandgap reference config-
ured to generate a reference voltage, and a bandgap
status signal indicating that the reference voltage has
stabilized. A feedback loop includes an amplifier enabled
by the bandgap status signal connected thereto, and is
configured to compare the reference voltage with a feed-
back voltage to generate a control voltage on a gate of
an internal voltage transistor, the internal voltage tran-
sistor having a source follower configuration to generate
an internal voltage on a source terminal of the internal
voltage transistor, the feedback voltage generated by a
resistive division of the internal voltage by a resistive di-
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vider connected between the source terminal of the in-
ternal voltage transistor and a fixed voltage reference.
An external voltage transistor has the source follower
configuration to generate an external voltage on a source
terminal of the external voltage transistor. A gate of the
external voltage transistor is connected to the gate of the
internal voltage transistor. A pull-up circuit includes a pull-
up comparator enabled by the bandgap status signal con-
nected thereto, and is configured to compare a supply
voltage with the control voltage increased by an offset
voltage. The pull-up comparator is connected to a gate
of an internal pull-up transistor. The internal pull-up tran-
sistor is connected in parallel with the internal voltage
transistor. A Power On Reset (POR) circuit includes a
POR comparator enabled by the bandgap status signal
connected thereto, and is configured to compare the ref-
erence voltage with a scaled internal voltage to generate
an internal POR signal. An external POR circuit is con-
figured to generate an external POR signal while the sup-
ply voltage is less than a start-up threshold. The internal
POR signal and the external POR signal are connected
to an OR gate to generate a POR signal.
[0039] Alternative embodiments of the voltage regula-
tor include one of the following features, or any combi-
nation thereof. The amplifier includes an input hysteresis
formed by a gated connection between the amplifier and
one of two taps of a resistive divider to generate the feed-
back voltage, one of the two taps selected in response
to a high state of the pull-up comparator, and another of
the two taps selected in response to a low state of the
pull-up comparator. A sample-and-hold circuit includes
a switch between the amplifier and the gate of the exter-
nal voltage transistor to hold the control voltage on a stor-
age capacitance of the external voltage transistor. A pull-
up latch is connected between the pull-up comparator
and a gate of an external pull-up transistor connected in
parallel with the external voltage transistor. A POR latch
is connected between the internal POR circuit and the
OR gate. A digital circuit is connected to the source ter-
minal of the external voltage transistor to receive power,
the digital circuit connected to the POR signal configured
to reset the digital circuit, the digital circuit generating the
first digital signal and a second digital signal, the first
digital signal connected to the bandgap reference, the
second digital signal connected to a switch between the
amplifier and the gate of the external voltage transistor,
to a pull-up latch connected between the pull-up compa-
rator and a gate of an external pull-up transistor, and to
a POR latch connected between the internal POR circuit
and the OR gate. The first digital signal is modified by a
first level shifter, and the second digital signal is modified
by a second level shifter, the first level shifter and the
second level shifter connected to the POR signal to reset
the respective level shifters.
[0040] In another embodiment, a method for voltage
regulation comprises a START-UP phase comprising ac-
tivating an external Power On Reset (POR), the external
POR holding a digital circuit in a reset state, the digital

circuit powered by the voltage regulator and the voltage
regulator controlled by a first digital signal from the digital
circuit, stabilizing a bandgap reference while the external
POR is active, the bandgap reference providing a refer-
ence voltage, activating an internal POR after the band-
gap reference is stable, the internal POR holding the dig-
ital circuit in the reset state, disabling the internal POR
after stabilizing a feedback loop, the feedback loop pro-
viding an internal voltage regulated to the reference volt-
age, and an external voltage proportional to the internal
voltage. An IDLE phase comprises storing an analog val-
ue determining the external voltage in response to a sec-
ond digital signal from the digital circuit, storing a state
of the internal POR in response to the second digital sig-
nal, disabling the feedback loop by disabling the bandgap
reference, in response to the first digital signal. A MEAS-
UREMENT phase comprises stabilizing the feedback
loop by enabling the bandgap reference, in response to
the first digital signal, disabling the internal POR after the
feedback loop is stable, and restoring the analog value
and restoring the state of the internal POR.
[0041] Alternative embodiments of the method for volt-
age regulation include one of the following features, or
any combination thereof. The digital circuit is reset with
the external POR in response to a supply voltage drop-
ping below a start-up threshold, the supply voltage pow-
ering the external POR. The digital circuit operates at a
low data rate during the IDLE phase, and at a high data
rate during the MEASUREMENT phase, the low data rate
and the high data rate stored in respective user-pro-
grammed registers.
[0042] Although the invention is described herein with
reference to specific embodiments, various modifications
and changes can be made without departing from the
scope of the present invention as set forth in the claims
below. Accordingly, the specification and figures are to
be regarded in an illustrative rather than a restrictive
sense, and all such modifications are intended to be in-
cluded within the scope of the present invention. Any
benefits, advantages, or solutions to problems that are
described herein with regard to specific embodiments
are not intended to be construed as a critical, required,
or essential feature or element of any or all the claims.
[0043] Unless stated otherwise, terms such as "first"
and "second" are used to arbitrarily distinguish between
the elements such terms describe. Thus, these terms are
not necessarily intended to indicate temporal or other
prioritization of such elements.

Claims

1. A method for voltage regulation comprising:

reducing a power consumption of a voltage reg-
ulator (30) during an IDLE phase, by disabling
a feedback loop (14) configured to regulate an
internal voltage (52) to a multiple of a reference
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voltage (38) in response to the voltage regulator
(30) receiving a digital signal (42) from a digital
circuit (20), the internal voltage (52) proportional
to an external voltage (104) supplied to the dig-
ital circuit (20); and
increasing a regulated accuracy of the external
voltage (104) during a MEASUREMENT phase
by enabling the feedback loop (14) in response
to the voltage regulator (30) receiving the digital
signal (42) from the digital circuit (20).

2. The method of claim 1, wherein the IDLE phase com-
prises:

storing a gate voltage (48) on a gate of a tran-
sistor (102), the transistor supplying the external
voltage (104) to the digital circuit (20), the exter-
nal voltage (104) being less than a supply volt-
age (32),
latching a first state of a pull-up transistor (106),
the pull-up transistor (106) changing the exter-
nal voltage (104) to the supply voltage (32) in
response to a difference between the supply
voltage (32) and the gate voltage (48) being less
than an offset voltage (82),
latching a second state of an internal Power On
Reset, POR, signal (124), the internal POR sig-
nal (124) holding the digital circuit (20) in a reset
state while the internal voltage (52) is less than
the reference voltage (38),
disabling a bandgap reference (12) configured
to provide the reference voltage (38), and
disabling the feedback loop (14) in response to
disabling the bandgap reference (12).

3. The method of claim 2, further comprising disabling
a pull-up comparator (80) and a POR comparator
(122) in response to disabling the bandgap reference
(12), the pull-up comparator (80) comparing the sup-
ply voltage (32) to the gate voltage (48) increased
by the offset voltage (82), and the POR comparator
(122) comparing the internal voltage (52) to the ref-
erence voltage (38).

4. The method of claim 2 or claim 3, further comprising
resetting the digital circuit (20) with an external POR
(132) in response to the supply voltage (32) dropping
below a start-up threshold.

5. The method of any preceding claim, further compris-
ing determining by the digital circuit (20), an IDLE
duration (186) of the IDLE phase and a MEASURE-
MENT duration (206) of the MEASUREMENT
phase, the voltage regulator (30) entering the MEAS-
UREMENT phase at the end of the IDLE duration
(186), and the voltage regulator (30) entering the
IDLE phase at the end of the MEASUREMENT du-
ration (206).

6. The method of any preceding claim, wherein the
MEASUREMENT phase comprises:

enabling a bandgap reference (12) configured
to provide the reference voltage (38),
stabilizing the feedback loop (14) by ramping
the internal voltage (52) in response to enabling
the bandgap reference (12), and disabling an
internal Power On Reset, POR, signal (124) in
response to the internal voltage (52) exceeding
the reference voltage (38), and
refreshing a gate voltage of a transistor supply-
ing the digital voltage to the digital circuit (20),
by connecting a gate of the transistor to the feed-
back loop (14), after a time delay following the
disabling of the internal POR signal (124), the
time delay sufficient for the feedback loop (14)
to stabilize.

7. The method of claim 6, further comprising:

updating a first state of a pull-up transistor (106),
the pull-up transistor (106) changing the exter-
nal voltage (104) to the supply voltage (32) in
response to a difference between the supply
voltage (32) and the gate voltage (48) being less
than an offset voltage (82), and
updating a second state of an internal Power On
Reset, POR, signal (124), the internal POR
(124) holding the digital circuit (20) in a reset
state while the internal voltage (52) is less than
the reference voltage (38).

8. The method of any preceding claim, further compris-
ing a START-UP phase before entering the IDLE
phase, comprising:

ramping a supply voltage (32),
activating an external Power On Reset, POR,
(132) while the supply voltage (32) is less than
a start-up threshold, the external POR (132)
holding the digital circuit (20) in a reset state,
activating a bandgap reference (12) in response
to the digital signal (42), wherein the digital sig-
nal (42) is an active-low signal,
activating an internal Power On Reset, POR,
signal (124) in response to the bandgap refer-
ence (12) providing the reference voltage (38),
the internal POR (124) activating before deacti-
vating the external POR (132), the internal POR
(124) holding the digital circuit (20) in the reset
state, and
deactivating the internal POR (124) in response
to the internal voltage (52) exceeding the refer-
ence voltage (38).

9. The method of claim 8, further comprising shifting a
shifted voltage of the digital signal (42) from the ex-
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ternal voltage (104) to the supply voltage (32).

10. A voltage regulator, comprising:

a bandgap reference (12) enabled by a first dig-
ital signal (42) connected thereto, the bandgap
reference (12) configured to generate a refer-
ence voltage (38), and a bandgap status signal
(40) indicating that the reference voltage (38)
has stabilized;
a feedback loop (14) including an amplifier (44)
enabled by the bandgap status signal (40) con-
nected thereto, and configured to compare the
reference voltage (3 8) with a feedback voltage
(46) to generate a control voltage (48) on a gate
of an internal voltage transistor (50), the internal
voltage transistor (50) having a source follower
configuration to generate an internal voltage
(52) on a source terminal of the internal voltage
transistor (50), the feedback voltage (46) gen-
erated by a resistive division of the internal volt-
age (52) by a resistive divider connected be-
tween the source terminal of the internal voltage
transistor (50) and a fixed voltage reference
(34);
an external voltage transistor (102) having the
source follower configuration to generate an ex-
ternal voltage (104) on a source terminal of the
external voltage transistor (102), a gate of the
external voltage transistor (102) connected to
the gate of the internal voltage transistor (50);
a pull-up circuit (18) including a pull-up compa-
rator (80) enabled by the bandgap status signal
(40) connected thereto, and configured to com-
pare a supply voltage (32) with the control volt-
age (48) increased by an offset voltage (82), the
pull-up comparator (80) connected to a gate of
an internal pull-up transistor (100), the internal
pull-up transistor (100) connected in parallel
with the internal voltage transistor (50); and
a Power On Reset (POR) circuit (22) including
a POR comparator (122) enabled by the band-
gap status signal (40) connected thereto, and
configured to compare the reference voltage
(38) with a scaled internal voltage (112) to gen-
erate an internal POR signal (124), an external
POR circuit (130) configured to generate an ex-
ternal POR signal (132) while the supply voltage
(32) is less than a start-up threshold, the internal
POR signal (124) and the external POR signal
(132) connected to an OR gate (134) to generate
a POR signal (136).

11. The voltage regulator of claim 10, wherein the am-
plifier (44) includes an input hysteresis formed by a
gated connection between the amplifier (44) and one
of two taps (62; 64) of a resistive divider to generate
the feedback voltage (46), one of the two taps (62;

64) selected in response to a high state of the pull-
up comparator (80), and another of the two taps (62;
64) selected in response to a low state of the pull-
up comparator (80).

12. The voltage regulator of claim 10 or claim 11, further
comprising a sample-and-hold circuit including a
switch (108) between the amplifier (44) and the gate
of the external voltage transistor (102) to hold the
control voltage (48) on a storage capacitance (110)
of the external voltage transistor (102).

13. The voltage regulator of any one of the claims 10 to
12, further comprising a pull-up latch (88) connected
between the pull-up comparator (80) and a gate of
an external pull-up transistor (106) connected in par-
allel with the external voltage transistor (102).

14. The voltage regulator of any one of the claims 10 to
13, further comprising a POR latch (126) connected
between the internal POR circuit and the OR gate
(134).

15. The voltage regulator of any one of the claims 10 to
14, further comprising a digital circuit (20) connected
to the source terminal of the external voltage tran-
sistor (102) to receive power, the digital circuit (20)
connected to the POR signal (136) configured to re-
set the digital circuit (20), the digital circuit (20) gen-
erating the first digital signal (42) and a second digital
signal (92), the first digital signal (42) connected to
the bandgap reference (12), the second digital signal
connected to a switch between the amplifier (44) and
the gate of the external voltage transistor (102), to a
pull-up latch connected between the pull-up compa-
rator (80) and a gate of an external pull-up transistor
(106), and to a POR latch (126) connected between
the internal POR circuit and the OR gate (134).
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